Strontium sulfide (SrS) is known to have an indirect bandgap of~4.32 eV. When doped with tellurium (Te), ultraviolet emission occurs at 360 nm (for Te s singlet) and 400nm (for Te sTe s dimers) due to radiative recombination from bound exciton states. In this paper we discuss the ultraviolet emission of pulsed laser deposited thin films of SrS:Te grown as SrS-Te and SrSTe-SrS multi-layer structures on Si substrates. The Te doping was incorporated by conventional diffusion into the SrS films. Temperature dependent ultraviolet emission measurements were taken and will be discussed along with results from microstructural and chemical characterization techniques.
INTRODUCTION
The development of semiconductor based ultraviolet (UV) light sources is of critical importance for miniaturized UV light sources, which have application in biological agent detection, non-line-of-sight covert communications, water purification, equipment/personnel decontamination, and white light generation. We are currently investigating bound exciton emission of tellurium doped alkaline earth sulfide materials (SrS:Te, CaS:Te, and MgS:Te) as an alternative material for UV and deep UV (DUV) solid-state light sources. 9 and thoroughly characterized the ultraviolet emission in SrS:Te powder materials. 10, 11 In both cases, efficient photoluminescence (PL) from Te S and Te S -Te S was observed. SrS:Te powders were synthesized and found to have two high-energy emission bands with peak wavelengths at 360 and 400nm. The 360nm emission band dominated at lower tellurium concentrations and was attributed to Te S bound excitons, whereas the 400nm band dominated at higher tellurium concentrations and was ascribed to Te S -Te S bound excitons. Figure 2 shows a schematic illustrating the Te S and Te S -Te S bound exciton and the energy band diagram of the bound excitons. The zero-phonon lines of the Te S and Te S -Te S were estimated to be 3.76eV and 3.44eV, respectively, and from these lines the bound exciton binding energies were estimated to be 0.56eV (Te S ) and 0.88eV (Te S -Te S ). From PL intensity versus temperature data, the thermal quenching activation energies for the Te S and Te S -Te S bound excitons were determined to be 25.5meV and 46.1meV, respectively. Because the activation energies were significantly lower than the bound exciton binding energy, the quenching activation energy was ascribed to the binding energy of the electron. In this paper we will extend from our previous thin film work and discuss our progress on the thin film synthesis and characterization of SrS:Te thin films.
EXPERIMENTAL DETAILS
All films for this research were deposited at room temperature using a pulsed excimer laser (λ=248 nm) operating at 10 Hz with a 25 ns pulse (FWHM). A base pressure of 3x10 -6 Torr was used for all experiments, while depositions were carried out in Ar at a pressure of 200 mTorr. From our earlier work these conditions produce the most accurate stoichiometry, 1:1 ratio of Sr to S. 12 Films were grown on (100) single crystal p-type Si substrates, which were cut into 2 cm x 2cm pieces. A high purity pressed and sintered powder SrS sputtering target 5 cm in diameter x 6 mm thick was used to deposit the bulk thin films while a Te sputtering target 7.5 cm in diameter x 6 mm thick was used to deposit thin layers of Te. The excimer laser was incident on the target surface at a 45°angle with a resulting spot area of~0.186 cm 2 for the bulk SrS thin films and 0.15 cm 2 for the initial Te thin film layers. The optimized deposition fluence was found to be 1.6 J/cm 2 for the SrS bulk thin films. To accurately control the doping concentration the growth rate of the Te thin films as a function of the laser fluence was measured. Figure 2 shows the Te growth rate vs fluence which shows a nearly exponential growth rate with increasing laser fluence.
The optimized deposition fluence was found to be 0.5 J/cm 2 for the Te thin film layers. A computer controlled scanning mirror was used to control laser beam movement over the surface of the target during deposition. Deposition rates for the SrS thin films were 2 Å/pulse while a deposition rate 0.5 Å/pulse was used to deposit Te thin films onto the bulk SrS thin films for doping. In the present work, multilayer (ML) and single layer (SL) of SrS:Te were grown with~0.5, 2.5, 5, and 50 Å of Te (i.e. 1, 5, 10, and 100 pulses), by PLD. Assuming no Te loss and a uniform Te distribution throughout the SrS structure this should yield concentrations of7 x10 17 , 3.5x10 18 , 7x10
18
, and 7x10 19 atoms/cm 3 , respectively. All samples were annealed at 850°C in Ar for 6 hrs and were capped with Si wafer to minimize sulfur outgassing during annealing.
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Thin film characterization was performed with using a JEOL 6700F scanning electron microscope equipped with energy dispersive spectroscopy (EDS) and a fully integrated GATAN MonoCL system equipped with imaging and scanning monochrometer (0.2 nm resolution, 185 -900 nm) and a LN 2 cold / hot stage operating from 80-375 K. All CL spectra were taken with a 1 second dwell time and a 1 nm scan step. Temperature dependent CL was studied from 80-300 K.
RESULTS AND DISCUSSION
Initial investigations into the SrS:Te system have been conducted to establish the efficacy surrounding the use of pulsed laser deposition to grow thin films (0.1-1.5µm) of SrS with controlled stoichiometry. 12 In this paper, multi-layer and single-layer thin films have been characterized by low temperature (LT) CL. Figure 3 shows the SEM micrographs of as-grown and annealed samples. It can be seen that there is a discontinuity and a difference in contrast along the center of the film, which is where the Te interlayer was deposited.
It was found that 13 kV and 11kV yielded the maximum counts for the single (SL) and multilayer (ML) SrS:Te films respectively and were used as the standard accelerating voltage for the present low temperature analysis. The optimum voltage for each type of thin film was consistent with previous Monte Carlo simulations of the electron beam interaction depth in SrS. 12 At low beam energies the increase in beam energy increases the effective interaction volume and concomitantly increases the CL signal. A majority of the CL signal originates near the tail of the electron beam interaction volume, at high beam energies, the electron beam interaction volume extends into the silicon substrate and decreases the CL intensity. For the ML films, cathodoluminescence scans were taken in the range 300-500nm for temperatures ranging from 80-300K with a probe current of 0.3nA. Figure 4 shows the normalized intensity vs wavelength plots for the ML films with a Te dopant concentration 7x10 19 /cm It can clearly be seen that the intensity increases with reducing temperature with peaks at 360 and 410 becoming distinguishable at 80K. By observing the normalized intensity plot in figure 4 (b) it is evident that the peak position shifts from 365 at room temperature to 356 at 80K. It is also found that the peaks become symmetric at low temperatures as the 410nm peak separates out. Also obvious from figure 4 is the fact that the 400nm peak decreases less severely than the 360nm peak with increasing temperature. This is in qualitative agreement with the thermal quenching activation energies and the associated pre-exponential radiative recombination rates determined for the Te S and the Te S -Te S bound excitons measured on powder material. The low temperature CL data for a SL sample along with the normalized and fitted data are shown in figure 5 (a) and (b) , respectively. Figure 5(b) shows the normalized integrated peak intensity versus temperature and the calculated temperature dependence of the 360nm and 400nm bound exciton peak fit to the following equation:
where I(T) is the intensity as a function of temperature, I(0) is the intensity at 0 K, A is a preexponential related to the radiative recombination rate, E is the thermal quenching activation energy, k is Boltzman's constant, and T is absolute temperature. The E and A values for the 360 and 400nm peaks are E 360 =22.5 meV and A 360 =18.4, and E 400 =46.1meV and A=33.5, respectively. agreement with previous research efforts on SrS:Te powders at room temperature. Voltage optimizations indicated the highest cathodoluminescent intensity occurred at 11 kV and 13KV for the multi and single layer structures, respectively. In addition, low temperature cathodoluminescence measurements were performed from 80-300K. At the lower temperatures, sharper, high-intensity peaks at 355 and 400nm were clearly distinguished and are in good agreement with previous low temperature photo-luminescent measurements on SrS:Te powders. The temperature dependent data revealed that the 360nm peak quenches faster than the 400nm peak with increasing temperature which is in good agreement with reported thermal quenching activation energies of the two peaks. Future work is being performed in areas of CL imaging to spatially quantify the dopant distribution and absolute CL efficiency measurements to accurately compare this class of thin films to commercially available phosphor materials.
